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Proton translocationComplex I is a key enzyme of the respiratory chain in many organisms. This multi-protein complex with an
intricate evolutionary history originated from the uniﬁcation of prebuilt modules of hydrogenases and trans-
porters. Using recently determined crystallographic structures of complex I we reanalyzed evolutionarily re-
lated complexes that couple oxidoreduction to trans-membrane ion translocation. Our analysis points to the
previously unnoticed structural homology of the electron input module of formate dehydrogenlyases and
subunit NuoG of complex I. We also show that all related to complex I hydrogenases likely operate via a con-
formation driven mechanism with structural changes generated in the conserved coupling site located at the
interface of subunits NuoB/D/H. The coupling apparently originated once in evolutionary history, together
with subunit NuoH joining hydrogenase and transport modules. Analysis of quinone oxidoreduction proper-
ties and the structure of complex I allows us to suggest a fully reversible coupling mechanism. Our model pre-
dicts that: 1) proton access to the ketone groups of the bound quinone is rigorously controlled by the protein,
2) the negative electric charge of the anionic ubiquinol head group is a major driving force for conformational
changes. This article is part of a Special Issue entitled: 17th European Bioenergetics Conference (EBEC 2012).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Complex I (NADH:ubiquinone oxidoreductase) plays a central role
in the respiratory chain in mitochondria andmany bacteria, providing
about 40% of the proton ﬂux during proton-motive force (pmf) gener-
ation for the synthesis of ATP [1–6]. It catalyzes the exergonic transfer
of two electrons from NADH to ubiquinone (ΔG7 NADH− >UQ~−80 kJ/
mol, depending on the redox state of NADH and quinone pools),
coupled to the translocation of four protons (current consensus
value [7–9]) against the electrochemical potential of ~180 mV across
the inner mitochondrial membrane (conserving ~69 kJ/mol) [10].
Complex I is a reversible machine, able to reduce NAD+ by ubiquinol,
utilizing the trans-membrane (TM) potential [11].
Bacterial complex I presents a minimal model of the mitochondri-
al enzyme [12]. It is an L-shaped assembly normally consisting of 14ultiple resistance and pH ad-
embrane; pmf, proton motive
hydrogenase; Ech, Escherichia
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inone or menaquinone; Q-site,
zed ferredoxin
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azanov).
Physiology, Otto-Hahn Str. 11,
rights reserved.“core” subunits (7 hydrophilic and 7 hydrophobic, ~550 kDa com-
bined mass) conserved from bacteria to humans [1,2,5]. The complex
contains 8 to 10 iron–sulfur (Fe–S) clusters and a ﬂavin mononucleo-
tide, located in the peripheral hydrophilic arm (Fig. 1A). The mecha-
nisms of coupling between redox reaction and proton translocation
have been discussed widely: both “direct” (redox-driven) and “indi-
rect” (conformation-driven) [2,3,5,13] coupling mechanisms were
suggested.
Recent years were marked with great progress in understanding
the structure of bacterial complex I, which answered many mecha-
nism related questions. The atomic structure of the peripheral arm
established the electron transfer pathway between NADH and ubiqui-
none binding sites [14]. The structure of six membrane domain
subunits and a lower resolution structure of intact complex I
established plausible proton translocation pathways and the relative
positions of peripheral and membrane arms [15,16]. NuoH is the
only subunit for which an atomic model is still not known; so far
the arrangement of trans-membrane helices for this subunit, connect-
ing two arms, was determined [15]. The structure of complex I clearly
indicates that it operates by a unique conformation driven mecha-
nism [15,17], not observed in any oxidoreductases of known three di-
mensional structure. While the general principles of oxidoreduction
catalysis for NADH and quinones [11,18,19], electron transport by
metal prosthetic groups [20] and directed ion transport across mem-
brane [16,21] are understood at various levels of detail, the energy
transformation from transfer of electrons into mechanical movement
is still enigmatic in complex I.
Fig. 1. Evolutionary relatives of complex I (see also Table 1). (A) Structure of the entire T. thermophilus complex I, with color-coded evolutionary modules (the same coding is used
throughout): yellow and green, N-module; red, Q-module; orange, NuoH-like subunits; blue, P-module. (B, C) Two separate origins of complex I: closely related protein complexes
that have either only oxidoreductase activity, bidirectional NAD+-reducing NiFe-hydrogenase (B), or transport activity, Mrp antiporters (C). (D–G) Evolutionary and functionally
related to complex I complexes: (D) 11 subunit homologue, Fpo complex fromM. mazei (NuoBCDIHAJKLMN); (E) FHL-2 of E. coli, (F) FHL-1 of E. coli, (G) the simplest known com-
plex I-related proton-pumping oxidoreductase, Ech. Names of subunits constituting the complexes are indicated. Subunits unrelated to complex I are shown as gray rectangles.
Question marks indicate characteristics that have not been unambiguously established experimentally, such as proton-pumping of Ech and FHL-2, H+/e− stoichiometry of Fpo,
as well as association of subunit FpoO with the Fpo complex.
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ductases found in all kingdoms of life. This family couples oxidation of
a range of soluble electron donors and reduction of membrane bound
quinone analogues to translocation of ions against TM potential [22].
Moreover, complex I also relates to a class of membrane-bound NiFe-
hydrogenases coupling substrate oxidation and reduction of hydro-
gen to active proton transport [23]. Complex I has an intricate evolu-
tionary history with independently pre-evolved building modules
joined to form the machinery [13].
Here we reanalyze the modular structure evolution of complex I
(previously discussed in Refs. [14,24–26]) with an emphasis on
novel structural information [14,15,17]. In this paper complex I evolu-
tion is understood in a broad sense as a process of formation of the
currently existing complex I from individual subunits or functional
subcomplexes (modules). The evolutionarily related complexes are
those sharing homologous functional modules. Our analysis suggests
that complex I, and all related oxidoreductases, operate via a common
coupling mechanism, the principles of which are derived.
2. Modular structure of complex I
Homology of complex I subunits with those in other protein
complexes reveals that complex I originated from the uniﬁcation
of pre-evolved subcomplexes [24]. These have distinct functions,
can be combined in different ways and are referred to here as evo-
lutionary modules. The modules are color coded in Fig. 1A [3]: the
NADH oxidizing or N-module (subunits NuoEFG), serving for elec-
tron input from NADH into the chain of iron–sulfur clusters
(Fig. 2A), the Q-module, which comprises subunits NuoBCDI, con-
ducting electrons to quinone binding site; and proton translocating
P-module (subunits NuoLMNKAJ). Subunit NuoH, joining theperipheral and membrane arms, does not belong to these modules.
It is very speciﬁc and unique to complex-I like oxidoreductases
and hydrogenases. NuoH is functionally unrelated to the other
known proteins. Apart from the junction point, the two arms of
complex I are functionally and evolutionarily independent of each
other: the peripheral arm catalyzes oxidation/reduction reactions
and the membrane arm proton transport. The modules trace back
to two unrelated protein families: hydrogenases that gave origin
to modules Q and N, constituting the peripheral arm, and Mrp
(multiple resistance and pH adaptation) cation/H+ antiporters,
which are homologous to the P-module [27] (Fig. 1B,C).
Hydrogenases catalyze reversible oxidation of molecular hydro-
gen (H2) and are among the most ancient energy converting en-
zymes [28]. A modular arrangement is typical for hydrogenases,
which are often built like combinations of Lego blocks [28]. The
N-module is related to group-3 bidirectional soluble NiFe-
hydrogenases, which use soluble cofactors, like F420, NADH or
NADPH to reversibly oxidize hydrogen. Subunits NuoEFG are ho-
mologous to NAD-linked formate dehydrogenase (Table 1, yellow
and green modules in Fig. 1). The Q-module is related to the class
of NiFe-hydrogenases [14,26], which include water-soluble as well
as membrane bound complexes. NiFe-hydrogenases are the most
numerous and most studied of these enzyme classes; they share a
core consisting of large and small subunits, homologous in structure
and sequence with subunits NuoD and NuoB of complex I, respec-
tively [14] (red in Fig. 1).
Recent sequence analysis of complex I-like enzymes revealed that
N-modules have likely been added to complex I in 2 steps: subunit
NuoG ﬁrst, with E and F recruited later [22]. The structure of the en-
tire complex is consistent with the modular evolution hypothesis.
The modules form distinct domains within complex I, and can be
Fig. 2. Alternative electron input pathway in bacterial complex I. (A) Electron transfer chain in T. thermophilus. Crystallographic positions of all electron carriers are shown, except
ubiquinone, which was placed manually in the expected Q-site. (B) Positions of cysteine residues ligating putative additional Fe–S cluster in subunit NuoG of C. jejuni and H. pylori
[43] are shown on the structure of Nqo3 (NuoG) from T. thermophilus after sequence alignment. Nqo3 is shown in cartoon representation, rainbow colored from N-terminus (blue)
to C-terminus (red). Clusters are shown as spheres. Residues corresponding to positions of the cysteines (labeled with original residues of T. thermophilus) are shown as sticks.
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expected to comprise independently pre-evolved modules [31]
(Fig. 1A).
Protein complexes related to individual modules of complex I
are present in currently living organisms. Soluble NAD+ reducing
hydrogenase is found in purple bacteria and cyanobacteria. InTable 1
Composition of complex I-related protein complexes. Subunits in the same rows are homo
Module Complex I
E. coli
Complex I
T. thermophilus
Fpo, M.
mazei
FHL-1 E. coli FHL-2 E. coli
N NuoE Nqo2
NuoF Nqo1
NuoG Nqo3 FdhF (C-terminus
of NuoG) HycB
(N-terminus
of NuoG)
FdhF (C-terminus
of NuoG) HycB
(N-terminus of
NuoG)
Q NuoB Nqo6 FpoB HycG HyfI
NuoC Nqo5 FpoC N-terminus
of HycE
HyfG, N-terminus
NuoD Nqo4 FpoD C-terminus
of HycE
C-terminus of
HyfG
NuoI Nqo9 FpoI HycF HyfH
NuoH NuoH Nqo8 FpoH HycD HyfC
P NuoL Nqo12 FpoL HycC HyfB, HyfD
NuoM/N Nqo13/14 FpoM HyfF
NuoK Nqo11 FpoK C-terminus of
HyfE
NuoJ Nqo10 FpoJ
NuoA Nqo7 FpoA
Other Nqo15
HyfE
FpoFAlcaligenes eutrophus it consists of subunits α−γ [32], homologous
to a nearly complete peripheral arm (Nuo EFGBD) (Fig. 1B, Table 1)
[26]. On the other hand Mrp antiporters (Fig. 1C, Table 1) contain 3
subunits homologous to P-module (NuoK(N/M)L) [33]. These two
classes of protein complexes constitute functionally non-
overlapping relatives of complex I.logous to each other. Subunit function, where known, is indicated.
Ech
M. barkeri
NAD-reducing
hydrogenase
A. eutrophus
Bacterial
soluble
NiFe-hydrogenases
Mrp
antiporter
B. subtilis
Function
N-terminus of
α-subunit
Coordinates auxiliary
cluster N1a
C-terminus of
α-subunit
NADH
binding/electron
transport
γ-subunit
(N-terminus
of NuoG)
Electron transport
EchC δ-subunit Small
subunit
Electron transport/
coupling site
EchD
Stabilizing
EchE C-terminus of
β-subunit
Large s
ubunit
NiFe binding/H2
oxidation/coupling
EchF Electron transport
EchB Coupling site
EchA MrpA Proton translocation
MrpD Proton translocation
MrpC Proton translocation
Interface
Stabilizing/Fe
binding?
MrpBEFG
F420H2 binding
1788 R.G. Efremov, L.A. Sazanov / Biochimica et Biophysica Acta 1817 (2012) 1785–17953. Complexes evolutionarily and functionally related to complex I
Many bacteria, chloroplasts, cyanobacteria and archaea encode
complexes with only 11 or 12 out of 14 core subunits homologous
to complex I [22,24]. These complexes catalyze oxidation of NADH
or alternative electron donors and reduction of ubiquinone or its
membrane soluble derivatives, coupled to active proton transport
across the membrane. The missing subunits belong to the electron
input N-module, which are completely absent or reduced to a single
subunit (NuoG) in these enzymes. The best characterized is archaeal
Fpo complex from Methanosarcina mazei (Table 1, Fig. 1D). The
three-dimensional structures of the complexes discussed in this sec-
tion are unknown but, because of homology of individual subunits
and similarity in subunit composition, their quaternary structures
are likely similar to complex I, as suggested in Fig. 1. Fpo is a proton
pumping F420H2:methanophenazine (MPh, membrane soluble qui-
none analogue) oxidoreductase with an estimated stoichiometry of
1 H+/2e− or higher (free energy of reaction is 20 kJ/mol compared
to ~80 kJ/mol for complex I) [34].
Another family of membrane protein complexes evolutionarily
and functionally related to complex I are the membrane bound hy-
drogenases (Fig. 1E–G).
The most closely related to complex I compositionally are the for-
mate hydrogenlyases (FHL) of Escherichia coli: a seven subunit FHL-1
and a ten subunit FHL-2 (Table 1), reviewed in [35]. Nine subunits of
FHL-2 are homologous to 10 subunits of complex I (HycE is a fusion of
NuoC and D, which are also fused in E. coli). An N-module analogue is
missing in FHL-2, as well as the small membrane subunits NuoA/J,
which could partially be substituted by a seven-TM-helical HyfE
(Fig. 1E). FHL-1 is similar to FHL-2 but its proton-translocating mod-
ule is simpler and contains just one antiporter-like subunit instead of
the three in FHL-2 (Fig. 1F). Evidence of FHL-1 proton pumping activ-
ity was obtained in experiments demonstrating formate-induced pmf
generation in a hya and hyb double deletion mutant of anaerobically
grown E. coli [36]. It is worth mentioning here that only at low pH
and low partial H2 pressure is the formate:H2 oxidoreduction reaction
exergonic; under these conditions its free energy can reach ~20 kJ/
mol. Recently it has been shown that, in some bacteria, growth can
be sustained solely by utilizing energy from the FHL-catalyzed
oxidation of formate by hydrogen [37].
The simplest known complex I-related membrane-bound hydrog-
enase is a six subunit E. coli hydrogenase-3-type hydrogenase (Ech)
complex from archaea Methanosarcina barkeri. All subunits of Ech
have homologues in complex I (Table 1 and Fig. 1G) [38]. Ech is an en-
ergy converting oxidoreductase [39], coupling feredoxin:H2 oxidore-
duction to proton or monovalent cation translocation across the
cytoplasmic membrane [23]. Ech consists of a four subunit hydroge-
nase module (equivalent of the Q-module) and two membrane sub-
units homologous to NuoH and NuoL of complex I. The coupling of
ferredoxin oxidation and H2 reduction to proton translocation has
been demonstrated experimentally for Ech [40] and the closely relat-
ed membrane-bound hydrogenase Mbh from Pyrococcus furiosus [41].
Thus, Ech represents a minimal known set of complex I related sub-
units sufﬁcient for oxidoreduction coupled proton pumping.
4. Electron input module of FHL
E. coli FHL-1 and -2 are complexes of two enzymes: formate dehy-
drogenase, FhdF, and membrane bound hydrogenase-3 or 4 (Hyd-3
and 4) for FHL-1 and FHL-2, respectively (Table 1) [35]. FhdF cata-
lyzes oxidation of formic acid to CO2 and passes two electrons to
Hyd, catalyzing hydrogen reduction. Based on homology between
Hyd and complex I subunits [24] we can expect that the quaternary
structure of Hyds is similar to subcomplexes of complex I (Fig. 1E,
F). The interaction between FhdF and Hyds is obscure, however.
Here we show that the structural similarity of FhdF to complex Isubunit NuoG indicates possible similarity between the interactions
of NuoG with complex I and FhdF with its hydrogenase.
It was suggested that in 12 subunit analogues of complex I elec-
trons may be delivered through remote cluster N7 in subunit NuoG
[5] (Fig. 2A). In complex I from Thermus thermophilus cluster N7 is
20.5 Å away from the nearest cluster of the chain, N4. Such a distance
is incompatible with physiological electron transfer (cut off distance
is ~14 Å [42]), thus cluster N7 is considered to be an evolutionary
remnant in this organism [14]. However, in the 12 subunit (NuoF, E
are missing) analogues of complex I from microaerobes Campylobacter
jejuni and Helicobacter pylori, NuoG contains additional conserved cys-
teines in the N-terminal part which were suggested to ligate an addi-
tional Fe4S4 cluster [43]. Indeed, after sequence alignment, when the
positions of the additional four cysteines are mapped on the structure
of T. thermophilus Nqo3 (NuoG), the spatial location of the residues is
reminiscent of an iron–sulfur cluster ligation site (Fig. 2B). The addition-
al clusterwould be at distances shorter than 14 Å to clusters N7, N4 and
possibly N5 and hence can bridge N7 to the rest of the chain: N7->ad-
ditional F4S4 cluster->N4->N5->N6a->N6b->N2 (Fig. 2A). Thus, in
12 subunit analogues of complex I, NuoG can fulﬁll the role of the elec-
tron acceptor subunit. Interestingly, the crystal structure of Aquifex aeo-
licus complex I peripheral arm [44] (a classical 14-subunit complex I,
but containing the four additional cysteines in NuoG) indeed revealed
the additional tetranuclear cluster. This raises the possibility that,
alongwith NADH, A. aeolicus complex I may utilize an alternative or ad-
ditional electron donor that binds to subunit NuoG (possibly in the for-
mer molibdopterin site [5]).
In membrane bound hydrogenases related to complex I, subunits
coordinating clusters equivalent to N2, N6a and N6b are conserved
(Table 1), as well as all the cysteines ligating the clusters. It suggests
a similar quaternary arrangement of subunits homologous to
NuoCBDI, as well as a similar spatial arrangement of iron–sulfur clus-
ters. FhdF belongs to a molibdoprotein family [45], as does the C-
terminal part of NuoG [14]. The three dimensional structure of E.
coli FhdF (PDB ID: 1FDO) [45] can be superimposed on the C-
terminal domain of NuoG (T. thermophilus subunit nomenclature
Nqo3) with an RMSD of 2.47 Å over 443 Cα atoms, such that its
Fe4S4 cluster overlays cluster N7 of NuoG. This structural similarity
suggests that not only hydrogenase subunits, but rather the complete
peripheral arms of 12-subunit complex I analogues, are evolutionarily
related to FHL.
However, if FhdF is placed in a position similar to NuoG relative to
the hydrogenase module, its Fe4S4 cluster (equivalent to complex I
cluster N7) is 36 Å away from the next cluster in the chain (N6a),
thus requiring at least two additional iron–sulfur clusters in between
to allow physiological electron transfer toward an electron acceptor.
We suggest that such additional clusters might be coordinated by
subunits HycB and HyfA of Hyd-3 and Hyd-4, respectively. They
may not only provide metal clusters completing the chain, but also in-
crease the contact area between FdhF and the hydrogenase complex.
Indeed, HycB and HyfA are iron–sulfur containing subunits with char-
acteristics of bacterial ferredoxin [35]. These 203 and 205 residue pro-
teins contain 15 cysteines and their sequences align to the N-terminal
domain of NuoG, so that three out of four cysteines ligating clusters
N5 and the putative additional cluster are aligned (Fig. S1). Together,
these facts support the possibility that HycB and HyfA can occupy po-
sitions similar to the N-terminal domain of NuoG and coordinate at
least two iron–sulfur clusters, linking the tetranuclear cluster of
FhdF to the cluster chain of Hyd (Fig. 1E, F).
5. P-module
Six membrane embedded subunits constitute the P-module. The
three largest subunits, NuoL, M and N, are homologous to each
other and to subunits MrpA and MrpD of Mrp antiporters
[25,26,46]. The crystallographic structure of the E. coli P-module
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subunits [15]. Ten helices constitute a conserved functional core
[16] divided into two ﬁve-helical bundles related to each other by in-
ternal symmetry [16]. Thus the core of the antiporter subunits origi-
nated as a result of gene duplication, which is common for
transporters [21]. The ten-helical core includes membrane embedded,
charged, strictly conserved and functionally important amino acids
found on ﬂexible TM helices [16], suggesting that these subunits ac-
tively translocate protons.
The membrane complexes discussed here (Table 1 and Fig. 1) in-
clude between one and three antiporter-like subunits. In proton-
translocating oxidoreductases the number of subunits is likely adjust-
ed to the total energy from an oxidoreduction reaction available for
proton translocation. The structure provides a clue as to how such
compositional plasticity could be achieved. On one hand, due to
their internal symmetry, antiporter-like subunits can be joined with
each other so that their functionally important residues interact be-
tween the subunits, allowing communication of conformational
changes, as is necessary for pumping [16]. On the other hand, the sub-
units are held together by an amphipathic helix interacting with a
ﬂexible helix from each subunit and also synchronizing conforma-
tional changes.
A bundle of three small membrane subunits NuoK, J and A sepa-
rates NuoH from the antiporter-like subunits and contains an addi-
tional proton-translocating channel [16]. Subunit NuoK, composed
of three TM helices, was likely recruited to complex I-like enzymes
and Hyd-4 together with antiporter-like subunits from Mrp antipor-
ters [33]. The small subunits are generally poorly conserved: the ab-
sence of signature motives and their small size makes identiﬁcation
of their homologues difﬁcult. The presence of subunits homologous
to NuoJ and A has not been unambiguously shown in membrane-
bound hydrogenases nor in Mrp antiporters [33]. Furthermore, inFig. 3. Sequence alignment of NuoH related subunits in complex I and membrane-bound hy
tion using predicted TM helices shown as black bars. Amino acids are colored using Clustal X
complete alignment.Hyd-3 and Ech none of the small membrane subunits seems to be
present. Because of their position in the structure the small mem-
brane subunits are expected to communicate conformational changes
between the coupling site and antiporter-like subunits. Therefore
their overall weak conservation is puzzling. However, helix TM3 of
subunit NuoJ is one of the best conserved in complex I and contains
a mid-helix π-bulge/kink with conserved Tyr59, consistent with its
role in conformational coupling [16].
Interestingly, we are not aware of any analogue or membrane
bound hydrogenase related to complex I with a subunit NuoH homo-
logue but without at least one antiporter-like subunit. It can be ratio-
nalized by assuming an absence of intrinsic transport activity in
NuoH. Then a complex without an antiporter subunit is not energy
conserving. Although it may have existed transiently as an evolution-
ary intermediate it would have become extinct due to selection pres-
sure as soon as energy conserving complexes evolved. Thus NuoH
likely plays a key role in generating structural changes, as discussed
below. Moreover, the appearance of highly conserved subunit NuoH
joining the oxidoreductase and proton pumping modules correlates
with the appearance of the coupling. Implications of these ﬁndings
for the mechanism are discussed in detail below.
6. Coupling site is located at the interface of NuoH, B and D
Recent crystallographic structures of complex I determined the
positions of all subunits and now the coupling site can be located un-
ambiguously. Since the complex operates by a conformation driven
mechanism [15,16], the energy of electrons fed from NADH must be
transformed into conformational changes in the membrane domain
driving proton translocation across the membrane. The coupling site
would be the region of the complex in which the energy of electrons
is converted into conformational changes.drogenases. Sequences were aligned in Clustal W [74] with proﬁle based alignment op-
color scheme and residue conservation. Only selected sequences are shown, Fig. S2 for
Fig. 4. Superposition of NiFe-hydrogenase from D. gigas (PDB ID: 2FRV) with subunits
of complex I. Iron–sulfur clusters are in yellow/cyan for complex I and yellow/orange
for NiFe-hydrogenase. In the NiFe center Ni is shown in purple and Fe in red. The inser-
tions in NiFe-hydrogenase ﬁlling the likely interaction site between membrane and pe-
ripheral arms and Q-site of complex I are colored in red.
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(Em7~−320 mV) to ubiquinone (Em7~110 mV) are nearly equipo-
tential (Em7~−250 mV), with the exception of N2 (Em7~−100 mV)
[14]. The presence of several low-potential clusters in the redox
chain, in between equipotential ones [47], does not inﬂuence the
mechanism discussed here. Transfer of the ﬁrst electron from NADH
to N2 is very fast and so is not likely to be linked to large conforma-
tional changes [48]. Thus electrons release most of their energy
upon reduction of ubiquinone, with another share possibly contribut-
ed by conformational changes linked to reduction of the cluster N2
[49]. Terminal cluster N2 is located close to the surface of subunits
NuoB/D which, together with cytoplasmic surface of NuoH, form a
cavity harboring the quinone binding site (Q-site) [15]. Thus the cou-
pling site is formed at the interface of subunits NuoB, D and H, which
is 20 to 25 Å above the surface of the cytoplasmic membrane [15,17].
This region of the protein complex is conserved between membrane-
bound NiFe-hydrogenases and complex I-like oxidoreductases.
Indeed, cytoplasmic loops of subunit NuoH connecting predicted
TM helices are rather long and contain many charged and polar resi-
dues strictly conserved between complex I-like oxidoreductases and
membrane bound hydrogenases (Fig. 3 and S2). Additionally, with
just a few exceptions, the cytoplasmic loops do not contain deletions
or insertions, unlike periplasmic loops. The speciﬁc and strict conser-
vation of the cytoplasmic loops points toward their structural conser-
vation and functional importance.
Subunits NuoB/D (Nqo6/4) are homologous with small and large
subunits of soluble NiFe-hydrogenases; they share similar fold and
quaternary structure (Fig. 4) [14]. Remarkably, the sequences of the
large and small subunits of membrane bound NiFe-hydrogenases
have higher similarity to homologous subunits of complex I than to
water soluble hydrogenases [50]. The position of tetranuclear termi-
nal cluster N2 (proximal cluster in hydrogenases), coordinated by 4
cysteines of subunit NuoB (Nqo6), is conserved between the protein
complexes. However, the unusual tandem cysteines (Cys 45, 46 in T.
thermophilus) coordinating cluster N2 (Fig. S3B), conserved across
all complex I-like oxidoreductases and likely functionally important
[49], are not generally present in soluble or membrane bound NiFe-
hydrogenases. Remarkably, in oxygen-tolerant hydrogenases the
proximal cluster has an unprecedented Fe4S3 composition and is co-
ordinated by six cysteines, two of which are equivalent to complex I
tandem cysteines [51,52]. Such a unique structure and environment
of the proximal cluster is key to oxygen resistance [53]. Additionally,
similar to complex I, the unusual geometry is associated with local
conformational changes around the cluster upon change in its oxida-
tion state [52].
Hydrogenases catalyze reversible H2 reduction at the NiFe site
buried in the large subunit and coordinated by its cysteines (Fig. 4).
The NiFe site is absent in complex I-like oxidoreductases. However,
the protein fold is generally conserved around the metal binding
site, with a slight shift of a loop formed by residues 85–89 (Nqo4 of
T. thermophilus) into the space occupied by the metal atoms. The vol-
ume occupied by Ni and Fe in hydrogenases is ﬁlled with amino acid
side chains in complex I, leaving no void space and rendering the site
inaccessible to the solvent. In addition, in complex I the functionally
important Tyr87 of Nqo4 (T. thermophilus) [50] and other residues
screen the volume, occupied by NiFe cluster in hydrogenases, from
the solvent. Based on the mutagenesis of conserved residues homolo-
gous to those surrounding NiFe site of hydrogenases in complex I
from Yarrowia lipolytica [3,50] it was suggested that the NiFe site
evolved into the Q-site. This hypothesis is not supported by the struc-
ture. Ubiquinone reduction has to take place at the surface of subunits
Nqo4/6 (NuoB/D) and, hence, it is separated by a distance of at least
7 Å from the Ni atom and more than 10 Å from the Fe atom. Conse-
quently, the residues forming the Q-site in complex I are different
from those forming the NiFe site in hydrogenases. This is incompati-
ble with the suggestion of a gradual transformation of the NiFe intothe Q-site, even though these sites are relatively close to each other
and may share similar proton delivery pathways [49,54]. It appears
more plausible that the Q-site evolved while the H2 site was still pre-
sent in the oxidoreductases. Possibly an ancestor of complex I, at
some point, utilized both H2 and ubiquinone as substrates, which
allowed a gradual switch from one substrate to another while pre-
serving a functional enzyme over the whole course of its evolution.
The possibility of interaction of membrane bound hydrogenases
with membrane bound quinones has not been thoroughly investigat-
ed [23].
The cavity formed at the surface of subunits NuoD/B (Nqo4/6) [14]
is the major interaction surface between peripheral and membrane
arms, via the cytoplasmic surface of subunit NuoH [15]. In water-
soluble hydrogenases a long insertion in the large subunits, residues
121–192 (Desulfovibrio gigas), absent in complex I (inserted between
residues 140 and 143 of T. thermophilus Nqo4) ﬁlls part of the cavity
and a loop, residues 41–66 of the small subunit (equivalent residues
57–74 of T. thermophilus Nqo6 are disordered in the structure) is
screening the active site from possible interaction with subunit
NuoH (Fig. 4). Both insertions shielding the cavity are absent in
membrane-bound NiFe-hydrogenases. Moreover, alignments of the
other regions of protein facing the cavity contain no substantial inser-
tions or deletions (Fig. S3) indicating a cavity structure conserved be-
tween complex I and membrane bound hydrogenases. Additionally, a
number of surface exposed side-chains of several charged residues in
the cavity are strictly conserved between hydrogenases and complex
I: Glu50, (semi conserved Glu51), Arg217, Asp392, Asp401 in Nqo4
and Arg32, Glu49, Asp59, Arg73, Asp76, Lys103, Glu50 in Nqo6. Resi-
dues Arg217, Asp392 of Nqo4 and Arg32, Asp76 of Nqo6 are far from
both cluster N2 and the NiFe site (Fig. S3), hence may form salt
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of the interaction between peripheral and membrane arms is sup-
ported by the observed dissociation of peripheral and membrane
arms at high salt concentrations in E. coli complex I [29].
The above given arguments indicate high conservation of the pro-
tein structure at the coupling site between distantly related enzymes,
suggesting that the coupling mechanism originated just once, togeth-
er with subunit NuoH, as the subunit itself is conserved from hydrog-
enases to complex I-like enzymes.
The evolutionary switch from membrane bound hydrogenases to
complex I-like enzymes is associated with an important switch in
substrate from gaseous hydrogen to membrane soluble quinones. In-
terestingly, this transition did not require an addition of conserved
subunits that could modify the coupling site. Even though, as noticed
by Mathiesen and Hagerhall [33], membrane bound subunit NuoA
does not apparently have analogues in membrane bound hydroge-
nases and has the strictly conserved Glu51 (E. coli numbering) in
the crystallographically unresolved loop, which could potentially con-
tribute to the Q-site [16], this residue is not indispensible for complex
I activity [55].
7. Implications for the conformational coupling mechanism
How is the energy of the electrons reversibly converted into struc-
tural changes? The previously suggested mechanism was based on
structural study of complex I peripheral domain in reduced and oxi-
dized states [49] and suggests that structural changes are initiated
as a result of reduction of cluster N2, leading to disconnection of
one of the tandem coordinating cysteines. This results in conforma-
tional changes propagating toward the membrane domain in the
form of ~1 Å shifts of Nqo4 (NuoD) four-helix bundle and two helices
in Nqo6 (NuoB). The mechanism depends on the presence of the tan-
dem cysteines, which are absent in hydrogenases. Consequently,
structural changes are not observed in water soluble hydrogenases
upon enzyme reduction [56]. The tandem cysteine based mechanism
suggests that the potential of cluster N2 can be modulated by the pro-
tein conformation, as some of the helices shifting upon reduction are
directly linked to the cluster [49]. Therefore, such a link probably con-
tributes to the coupling mechanism (Fig. 6), although it is not the
whole story, since, as noted above, most of the redox energy is re-
leased after N2, upon Q reduction. Furthermore, the location of N2
far away from the lipid bilayer [15] and the presence of the fourth
proton-translocation channel in subunits NuoKJA [16] argue against
any “direct” (redox-coupled) proton translocation via N2.
Next we will consider common aspects of the substrate reduction
in the coupling site of hydrogenases and complex I. Assuming a com-
mon and conserved coupling mechanism and taking into account
properties of complex I like reversibility [11] and the observation of
semiquinone species when the complex operates under the trans-
membrane potential [57], we suggest a following coupling
mechanism.
Reactions catalyzed in the coupling site of hydrogenase:
ðNiFeÞ þ 2e− þ 2Hþ↔ðNiFeÞ þ H2
and in complex I:
Q þ 2e þ 2Hþ↔QH2
share common aspects. Both reactions require two electrons and
two protons to be delivered to the catalytic sites. Because hydrogen
is a small molecule, the requirement for similarity of the coupling
mechanisms excludes allosteric interactions of ubiquinone with com-
plex I as an indispensible element of the mechanism.
The catalytic mechanism of soluble NiFe-hydrogenases has been
thoroughly studied [56,58] and high-resolution crystallographic
structures have been determined for the various oxidation states ofthe enzymes from several bacterial species. Even though details of
the molecular mechanism of hydrogen reduction are still ambiguous,
it is commonly accepted that the reaction passes through an interme-
diate with a hydride ion bound between Ni and Fe atoms. The oxida-
tion state of Ni, but not Fe, atom changes during the catalysis.
Interestingly, mechanisms based on quantum chemical calculations
suggested disconnection of cysteine residues ligating Ni and Fe during
the catalytic cycle [58], akin to the disconnection of tandem cysteines
observed upon reduction of cluster N2 in complex I [49]. There is,
however, no general agreement regarding this aspect of the mecha-
nism. Crystallographic studies showed that structural changes associ-
ated with the enzyme's reduction by H2 are localized in the vicinity of
the NiFe catalytic site [59], and are not associated with any signiﬁcant
shift of polypeptide chain backbone atoms.
Delivery of two protons to catalytic sites is required for H2 and
ubiquinone reduction. Because both sites are close to, or are on, the
surface of subunits NuoB/D the protons might be delivered either
from bulk solvent directly or, if the junction between NuoH and
NuoB/D is tight, the proton translocation pathway may be present, ei-
ther within subunit NuoH or, as was suggested, in the subunit NuoD
[49]. Apart from the conserved charged Arg153 and catalytically im-
portant in complex I Tyr87 in Nqo4 (substituting proton donor
Glu18 of hydrogenases [49]), no other apparent conserved H+ donors
are found on the surface of Nqo4 close to either the NiFe or the hypo-
thetical Q-site.
To get closer insight into a plausible coupling mechanism the indi-
vidual steps of quinone reduction need to be considered. The types of
membrane soluble quinone molecules differ between organisms.
Both the type of quinone headgroup and the isoprenoid chain length
vary [60]. Thus, in E. colibothubi- andmenaquinones are synthesized [60]
and can be reduced by complex I [61], in membranes of T. thermophilus
only menaquinone is present, while analogues of complex I from chlo-
roplasts utilize plastoquinone [60]. The two-electron midpoint redox
potential depends on the nature of the quinone (~100 mV for ubi-/
plastoquinone and −80mV for menaquinone), although neither the
potential [62] nor the H+/e− stoichiometry in complex I [8] is signiﬁ-
cantly affected by the length of the isoprenoid chain. As discussed pre-
viously [5], even though the midpoint redox potential difference for
NADH–menaquinone pair is signiﬁcantly smaller than for NADH–
ubiquinone pair, complex I can still operate with the same H+/e−
stoichiometry (~4) in organisms employing menaquione. This is
suggested by a high degree of sequence conservation of core com-
plex I subunits, and can be explained by taking into account different
NADH/NAD+ and QH2/Q ratios, as well as different operating pmfs in
various species.
Quinone reduction is a four step reaction, shown in Fig. 5A as a
modiﬁed ‘scheme of squares’ with reaction parameters as measured
for ubiquinone in 80% ethanol [63]. The reaction constants for the va-
riety of quinones are in the same range [64], thus rendering discus-
sion applicable to mena- and plastoquinones. It should be
mentioned that even though the environment of ubiquinone bound
to complex I, and hence the reaction constants, might be signiﬁcantly
different from those measured in 80% ethanol, these values are still
relevant as they characterize internal properties of quinone and will
be used for further discussion. As follows from the reaction scheme,
the positively charged reaction intermediates have very high energy
and will be discarded from further consideration. Fig. 5B shows stan-
dard Gibbs energy of the intermediates calculated using parameters
from Fig. 5A relative to oxidized ubiquinone. Though the potential
of cluster N2 is −150 mV, which is 100 mV higher than for the
most of the other clusters of the chain (Em7~−250 mV), we will ne-
glect this difference to simplify the discussion. In fact, the potential of
N2 can be lowered to −220 mV without affecting complex I activity
[65] and even the 100 mV potential difference is still consistent
with the fast electron transfer [42] if the potential of quinone is
close to that of the other clusters. Assuming complex I is a fully
Fig. 5. Ubiquinone oxidoreduction reactions. (A) Scheme of squares in modiﬁed representation, adapted from [75]. Values of standard electrochemical potentials Em7 and pKa of
reactions are shown for ubiquinone in 80% ethanol [63], numbers in parenthesis were calculated. High-energy non-observable intermediates irrelevant to the reduction mechanism
are shown in gray. (B) Standard Gibbs energy of the intermediates calculated relative to oxidized ubiquinone (UQ) at pH 7.0. Energy values of the reaction intermediates are shown,
as well as standard potential of reduction reaction resulting in the particular intermediate. If the intermediate is a result of electron transfer to quinone from cluster N2 at close to
equilibrium, then this potential should be close to the potential of equipotential clusters (−250 mV). Lines connecting the states indicate possible transitions. Blue lines show likely
transitions between intermediates during catalytic cycle of complex I. Red lines show unlikely transitions. High-energy intermediates are shown in gray, their energies are not in the
scale.
1792 R.G. Efremov, L.A. Sazanov / Biochimica et Biophysica Acta 1817 (2012) 1785–1795reversible machine, all reaction steps should proceed at close to equi-
librium. That is, electrons should be transferred between iron–sulfur
clusters and ubiquinone or its intermediates nearly isopotentially,
while proton transfer should occur between donors and acceptors
with close values of pKa (or pH of media in case of protonation by
bulk solvent). Indeed the ﬁrst step of quinone reduction, electron
transfer, is equipotential with Fe–S clusters (Em7~−240 mV, Fig. 5)
resulting in radical ion, Q−, observed in the complex I steady state re-
action in tightly coupled submitochondrial particles [57]. The lowest
energy intermediate after the second step is protonated ubisemiqui-
none QH (Fig. 5B). The pKa of the protonation reaction, 5.9, is close
to neutral, meaning that this reaction does not change free energy
of quinone signiﬁcantly, even if proton is delivered from the bulk sol-
vent. However, the electron transfer at the next step is associated
with an ~430 mV (41 kJ/mol) non-productive jump of electron po-
tential (−240 mV at N2 to +190 mV) (Fig. 5). On the other hand,
further protonation of QH is energetically highly unfavorable
(Fig. 5).
It is possible that the proton donor to ubiquinone at the second
step is a protonated carboxyl group of aspartic or glutamic acid,
with a pKa~6. Then the energy of the electron will be conserved in
the form of side chain electric charge, simultaneously negative charge
generated close to QH can decrease its midpoint potential from
+190 mV to, ideally, −240 mV, for the next electron transfer step
to occur close to equilibrium. However, the energy required to de-
crease quinone potential by 430 mV (equivalent to 41 kJ/mol or
seven pKa units) is very high, which requires a very speciﬁc design
of the Q-site.
An alternative reaction pathway at the second step (blue in
Fig. 5B), is an isopotential electron transfer to ubisemiquinone ion
resulting in high energy Q2− with double negative charge (Fig. 5A),
consistent with a reversible reaction. During the reverse reaction,
upon dissociation of the ﬁrst proton quinone afﬁnity for electrons is
high (190 mV), but upon dissociation of the second proton it changes
to −240 mV, allowing electrons to tunnel isopotentially to the iron–
sulfur clusters. Such an intermediate is also compatible with very
fast electron transfer compared to the rate of the catalytic cycle
[66]. As a result, the most likely scenario is that after the two ﬁrst cat-
alytic steps the energy of electrons is conserved in the form of the
electrostatic potential of charged quinone. The electrostatic energy
can be transformed into the conformational changes directly by
movement induced by repulsion or attraction of charged residues in
the vicinity of the quinone, followed by quinone protonation.Indeed, the energy released upon protonation of quinone in the
ﬁnal steps is about 60 kJ/mol. It is sufﬁcient to disrupt up to four
salt bridges [67] or several hydrogen bonds [68]. The arguments pre-
sented above favor a single stroke mechanism, in which there is just
one cycle of conformational changes upon quinone reduction, which
differs from a two stroke mechanism postulated recently [69]. Fur-
thermore, the “two-stroke” mechanism implies that either NuoL or
NuoM subunit does not pump protons, which is entirely inconsistent
with structural and mutagenesis data [16]. It is important to note that
even though a single stroke involves a single large drop in the energy,
this “stroke” is effectively divided into four parallel steps in four pro-
ton translocation channels (as in a parallel electrical circuit), and so
there is no contradiction with the general principles of bioenergetics,
in which large energy drops are usually broken into smaller interme-
diate steps. In this way complex I differs from cytochrome c oxidase,
in which a 192 kJ/mol energy drop is divided into four consecutive
steps: for each electron delivered from cytochrome c to the catalytic
site one proton is pumped across the membrane [70].
Our electrostatics driven mechanism is consistent with the pres-
ence of many conserved charged groups in the coupling site, since it
requires a ﬁne-tuned electrostatics, thus mutations of charged con-
served residues close to the putative Q-site signiﬁcantly alter protein
activity [71,72]. It is also consistent with the stabilization of semiqui-
none in the presence of a proton-motive force, indicating that the en-
vironment around the quinone head group depends on global protein
conformation. Moreover, mutations in membrane subunits, very dis-
tal from the Q-site, inﬂuence reactions with quinone [73].
The exact mechanism of ubiquinol protonation and the speciﬁcity
of conformational changes are deﬁned by the charge distribution
around the Q-site and will likely become apparent when a high-
resolution structure of the complete complex I is determined. Howev-
er, the requirement for reversibility demands that proton access to
quinone is strictly regulated by the protein. The suggested mecha-
nism requires that Q2− is stabilized in the Q-site and protonated
only after conformational changes are completed. The keto groups
of quinone have to be protected from the solvent by, for example,
forming strong hydrogen bonds with the protein. Since the pKas of
Q2− are around 13 and 11 (Fig. 5A) the pKa of hydrogen bond donors
has to be higher to avoid protonation of quinone. The role of the res-
idues coordinating quinone can be fulﬁlled by conserved and catalyt-
ically important Tyr87, and conserved Arg153, of Nqo4. These amino
acids are spaced so that they are potentially able to form hydrogen
bonds with keto groups of the quinone moiety. Proton access for re-
Fig. 6. Schematic representation of the proposed mechanism of conformational coupling in complex I. Only events taking place in the coupling site are shown. Cluster N2 and ad-
jacent reducible cluster (most likely N6a [47]) are shown as red circles empty when oxidized and ﬁlled when reduced. Direct cycle. Ubiquinone binds (state 1→state 2) to Q-site
where quinone's keto groups form hydrogen bonds to ionisable amino acid residues with high pKa values. Upon transfer of two electrons ubiquinol ion is formed (state 3). Elec-
trostatic interaction (blue arrows) between negatively charged quinol and positively charged groups on movable structural elements (green cylinders) induces conformational
changes driving proton translocation (state 3→state 4). Oxidation of cluster N2 leads to shifts (black arrow) in nearby hydrophilic helices (yellow cylinder) [50], assisting confor-
mational changes. As a result of approach of movable positively charged groups, pKa of quinol coordinating groups is reduced, leading to protonation of ubiquinol (state 5). Dis-
sociation of ubiquinol (state 6) allows re-protonation of negatively charged groups X and Y. Protein charge distribution is returned to initial state, which leads to relaxation of
the structure into initial conformation (state 1). Reduction of cluster N2 and adjacent cluster leads to reverse shifts of helices (black arrow) assisting this conformational change.
It is important to note that state 1 is the low energy state in the absence of TM potential, while state 6 is the low energy state in the presence of high trans-membrane potential.
Reverse cycle. TM potential pushes conformation of complex I toward state 6 which has high afﬁnity for ubiquinol. Binding of ubiquinol is followed by its de-protonation (state 4),
which decreases potential of electrons on ubiquinol (Fig. 5B). Electrons are transferred to iron–sulfur clusters and subsequently on to FMN (state 2 but with protein conformation
like in states 4–6). Change in charge balance pushes positive charges out of binding site, resulting in reverse conformational change (state 2) followed by dissociation of ubiquinone
(state 1). TM potential changes conformation toward state 6 completing the reverse cycle.
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the disconnected tandem cysteines of cluster N2, as discussed [50].
Additionally, the disconnection of tandem cysteines will likely de-
crease the potential of N2, preventing its re-reduction by upstream
clusters until the complex adopts a low energy state. It has been
widely discussed previously that cluster N2 may be directly involved
in proton translocation, due to the pH-dependence of its midpoint
redox potential (redox–Bohr effect) [4]. In our mechanism, this pH
dependence is a result of the disconnection of tandem cysteines,
which will be protonated due to the high pKa of this residue in a
“free” state [49]. In hydrogenases the space of Tyr87 is occupied by
conserved Glu18 (soluble NiFe-hydrogenase of D. gigas) [49], where
it is essential and likely acts as a direct proton donor to the NiFe site
[54].
A cyclic scheme in Fig. 6 summarizes sequential events of the sug-
gested cycle (see legend for the details). In our model protein confor-
mation determines afﬁnity of quinone and quinol to the coupling site,
rendering the mechanism fully reversible. A similar scheme can be
used for the mechanism of NiFe-hydrogenases, where charge varia-
tions in the NiFe site drive conformational changes resulting in proton
translocation.
8. Conclusions
Based on homology and structural similarities we show that sub-
units NuoB/D and H constitute an evolutionarily conserved energy
converting structure, which was invented only once during evolution.
Our analysis of the quinone reduction reaction predicts the coupling
site to have the following key properties: proton access to ketone
groups of quinone bound in the Q-site is rigorously controlled by
the protein, and the negative electric charge of the ubiquinol head
group is a driving force for conformational changes.Acknowledgements
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